Introduction
Many general circulation models simplify longwave radiative transfer calculations by neglecting the geometry of broken cloud fields. Quantities are computed by weighting the clear sky and completely overcast results by the fractional cloud cover. This treats broken cloud fields as sets of flat plates. Ice clouds are assigned a reflectivity and emissivity. Water clouds are assumed to be black.
It has been shown (Ellingson 1982; Harshvardhan and Weinman 1982; Killen and Ellingson 1994 ) that the flatness assumption fails for water clouds. Longwave scattering by the water clouds was neglected since it was assumed that the clouds were effectively black. In Takara and Ellingson (1996) , longwave scattering effects were of the same magnitude as geometric effects when gaseous absorption was neglected. This is an extension of that work, modeling the longwave scattering effects of single broken cloud layers in typical atmospheres.
Computation
Gaseous absorption was neglected in Takara and Ellingson because absorption in the 8 to 12-µm window is small compared with the rest of the longwave range. Though the window is relatively clear, water vapor absorption can be significant in some cases. With that in mind, the window was divided into six intervals. The upward and downward radiances were computed by summing over the intervals.
The intervals are
The upward and downward fluxes are found by Gaussian quadrature of the radiances. Heating rates are computed from the fluxes.
Upward and downward radiances above and below the cloud layer are functions of gaseous transmission and emission. The upward and downward radiances at zenith angle and altitudes are
The transmissivities, , and the emissions , were calculated using the Line-byLine Radiative Transfer Model (LBLRTM).
The downward radiances below the cloud layer and the upward radiances above the cloud layer are dependent on the radiances exiting the layer. They are a function of the radiative transfer within the cloud layer. Once the cloud layer's outward radiances are known, the dependent radiances are found using (2a,b). The upward radiances below the clouds and the downward radiances above the clouds are independent of the cloud layer. They were pre-computed by LBLRTM and tabulated.
The cloud layer outward radiances are a function of the radiances entering the layer and the layer's physical properties. The Monte Carlo method was used to model the radiative transfer. Photon bundles were emitted at Gaussian angles at the bottom and top of the cloud layer and tracked until absorption or escape.
Assumptions and Parameters
Four assumptions were made in the computations. First, the cloud field was a single layer of identical randomly overlapping cylinders with a constant cloud base altitude. Second, the clouds were homogenous. Third, the clouds had the same temperature profile as the surrounding air. Last, the temperature variation between levels was assumed to be linear. The cloud extinction coefficient ( ), single scattering albedo ( ), and asymmetry factor (g) within each wavelength interval, were calculated from parameterizations. Hu and Stamnes (1993) was used for water clouds, Fu and Liou (1993) for ice clouds.
The water cloud equivalent radius ( ) was set at 3, 5, and 10 , the liquid water content ( 
Results
The downward flux at the surface as a function of base cloud fraction (N) for the TRP and SAW atmospheres is shown in Figures 3a and b In Figure 3a (TRP), the water cloud fluxes decrease as cloud altitude increases. At smaller values of N, they also decrease with cloud size. In the completely overcast case (N = 1), cloud size has no effect because both the small and large clouds are opaque. Due to the high LWC, changing the microphysical properties has little effect. The variation in flux with is less than 1 . There is little change in the ice cloud fluxes from the clear sky result (N = 0), regardless of cloud altitude, geometry, or microphysical properties. This is the result of the high temperature and water vapor concentration in the lower kilometers; the surface flux is dominated by the lower atmosphere.
In Figure 3b The upward flux at 15 km for TRP and SAW is shown in Figures 4a and b . In Figure 4a , the water cloud fluxes decrease as cloud height increases. The smaller clouds have higher fluxes because their cloud top temperatures are higher. As in Figure 3a , the variation with is less than 1 . In Figure 4b , the fluxes show similar behavior. The water cloud fluxes decrease with cloud base altitude. The variation with is less than 2 . The ice cloud fluxes are bunched as before. The small cloud fluxes do not vary greatly from the clear sky case and the large cloud fluxes have more variation.
seen by noting that the error is slightly negative at N = 1; the
The errors for the flat plate and black cloud approximations and water vapor concentration in the first kilometer mask the are defined as scattering effect at the surface.
The flat plate approximation was used for ice clouds; the black these clouds approaches 15 . The error decreases as cloud approximation was used for water clouds. The error in cloud height increases and decreases, peaking at N = 0.5 the approximations for downward flux at the surface is shown or 0.7. For N = 0.7, the 0.5-km cloud (solid circle dashed) in Figures 5a and b . There is no error for the clear sky case; = 5 (the error is 10 with an upper limit of the lines were not extended to zero at N = 0 in order to 15 for = 10 and lower limit of 7 increase clarity. for = 3 ). These clouds are no longer opaque, as can
In Figure 5a (TRP) the errors are quite small, less than opaque, the reflection from the cloud bottom does not aug-1 . For ice clouds, this is expected since they ment the downward emission as in Figure 5a . As a result, the have little effect on the surface flux. For water clouds, the black cloud approximation fails. black cloud approximation works because the downward emission by the water clouds is augmented by the downward The errors for the upward flux at 15 km are shown in reflection of upward flux at the cloud bottom. This can be Figures 6a and b. In Figure 6a (TRP), the water cloud error water cloud emissivity is larger than 1. The high temperature
In Figure 5b (SAW), the errors are less than 2 , except for the small water clouds. The maximum error for be seen from Figure 3b . Because the cloud is no longer increases with N and cloud height, with larger clouds having more error. The black cloud approximation overestimates the flux above the clouds. Unlike the surface fluxes, there is no reflection from the cloud top to compensate for the lower emission by the cloud. There is very little error in the flat plate approximation for the small ice clouds (< 0.5 ). This is expected since the clouds are relatively flat, = 0.5 . Since the clouds are small, their lower optical thickness improves the accuracy of the flat plate approximation. As and cloud size increase, the flat plate approximation becomes less accurate. For the large ice clouds, errors increase to a peak at N = 0.5 or 0.7, then decrease. . The large cloud errors are under 1.5. The black cloud approximation overestimates the flux, but since the temperatures are relatively low, the error is smaller than in Figure 6a . The optical thickness of the small water cloud at 4 km (solid square, dashed line) is small enough to allow transmission from below the cloud. As a result, the black cloud approximation underestimates the flux. Except for the water cloud downward flux errors in Figure 8a , the approximations work quite well; the errors are less than 2 . The errors are largest immediately above or below the cloud. They decrease as distance from the cloud layer increases because the absorbing atmosphere masks the effect of scattering by the cloud layer. This is especially noticeable in the first two kilometers of Figures 7a and b.
Summary and Conclusions
The flat plate approximation worked well for the ice clouds considered; it was most accurate for the small flat clouds. The black cloud approximation worked well for water clouds except in one case where the cloud optical thickness was too small to give a compensating reflection. Cloud scattering effects are largest immediately above and below the cloud layer. Gaseous absorption and emission mask scattering effects. Errors due to neglecting cloud scattering decrease as the distance from the cloud layer increases; the reduction occurs most rapidly below 3 km.
While the approximations work reasonably well for this set of clouds, additional cases should be examined. In particular, models for cloud types with different optical properties, other cloud layer geometric parameterizations, and additional atmospheric conditions should be examined.
